Microencapsulated ionic liquids represent a novel type of material with high potential for various applications in chemical synthesis, catalysis or separation processes. We present a detailed morphological analysis of this material by means of two imaging techniques, i.e., scanning transmission X-ray microspectroscopy (STXM) and transmission electron microscopy (TEM). While TEM can be utilized only in the dry state, STXM offers access to high-resolution imaging in liquid surroundings. In either case prolonged illumination leads to degradation of the stabilizing polymer. We discuss potential scenarios, e.g., formation of perforations within the polymer shell, to explain the experimental findings.
Introduction
Ionic liquids (ILs) are molten salts that are liquid below 100 C and typically have an extremely low vapour pressure. 1, 2 They have gained increasing scientic interest during the last decade, 3, 4 since their physico-chemical properties can be tuned over a wide range by a large variety of cation-anion combinations. [5] [6] [7] This gives rise to several elds of application, such as alternative solvents for chemical synthesis and catalysis, 1, [8] [9] [10] in electrochemistry 11, 12 or for separation processes. 13, 14 An important issue concerning IL applications is recovery from solutions and inefficient mass transport due to their high viscosity. 15 One approach to face these drawbacks is immobilization of the IL on the surface of a highly porous support or catalytically active material. 16 In those cases, due to the application of the respective IL in the form of an ultra-thin layer of few nanometers, IL mass fractions typically do not exceed 10-25%. 17, 18 An alternative concept is to encapsulate the IL within semipermeable microcontainers. 19 The rst IL containing microcapsules were produced dosing a non-polar organic solution with diluted IL and shell polymer into water and consecutively evaporating the organic solvent. 20, 21 These microcapsules show IL mass fractions up to 30% wt, but the size of the microcontainers is so far determined by the dosing system and has not reached diameters below 70 mm. 22 Nevertheless, the applicability of such particles for separation processes has been proven for the successful extraction of caprolactam from aqueous solution. 23 Recently, the application of a microsuspension polymerisation based on the selfassembly of phase separated polymer (SaPSeP) method, 24 enabled the production of IL containing polymer microcapsules with signicantly smaller diameters ranging from 2-10 mm and shell thicknesses of 1-2 mm. 25 In this case the encapsulation process takes place directly during polymerisation. The size distribution, permeability of the shell and other physico-chemical properties of the resulting microcontainers are variable by selection of the shell polymer opening a wide range of applications. For the incorporation of the IL 1-hexyl-3methyl-imidazolium bis(triuoro-methane sulfonyl)amide ([Hmim][TFSA]) into poly(ethylene glycol dimethacrylate-butyl methacrylate) (P(EGDM-BMA)), the encapsulation efficiency of the process is higher than 70%. 25 As competitive method the incorporation of IL into thermosensitive composite gel particles showing a temperature dependent and reversible phase separation is under investigation. 26 Encapsulation of IL with carbon submicrocapsules leads to even smaller particles ($450 nm) with a mass fraction of 85% wt, but is limited to porous carbon as shell material. 27 While surface and interface properties of ILs are oen studied by photoelectron spectroscopy, 28 for bulk-like materials, such as the above described microcapsules, X-ray absorption spectroscopy is more favoured, 29 since its probing volume is not limited by the inelastic mean free path of photoelectrons. Nearedge X-ray absorption ne structure (NEXAFS or XANES) gives important insight into electronic structures, 30 interionic interactions, 31 or local coordination 32 of IL composites. Ultra highresolution scanning transmission so X-ray microspectroscopy (STXM) showed its high potential for the structural investigation of various polymer microcontainers, [33] [34] [35] especially due to the possibility of in situ characterization in aqueous solution. 36 Thus, the properties of individual microcapsules can be studied. In particular, the chemical ngerprint of NEXAFS may differentiate the interior and the stabilizing shell. a Physikalische Chemie II and ICMM, Friedrich-Alexander-Universität Erlangen-Nürnberg (FAU), Egerlandstraße 3, D-91058 Erlangen, Germany. E-mail: rainer.nk@fau.de Within this paper we will present rst X-ray microspectroscopic data of IL encapsulating polymer particles. For this purpose P(EGDM-BMA) microcontainers lled with [Hmim][TFSA] were investigated with the PolLux-STXM 37 in dry state and in situ in aqueous solution. We will discuss for both cases the remarkable and surprisingly rapid morphological changes of the particles upon exposure to so X-rays that limit detailed microspectroscopic studies so far. Similar effects occurred during basic TEM studies of the same particles. Based on the extraordinary morphological modications observed for containers in aqueous environment, a model of the degradation process will be proposed. Furthermore, methods to overcome the problem of rapid sample degradation during X-ray microspectroscopy and their suitability for that kind of samples will be discussed.
Experimental
The [Hmim][TSFA] containing P(EGDM-BMA) microcapsules were prepared as described in detail in ref. 25 . TEM investigations were performed with a Zeiss EM 902 at 80 kV accelerating voltage in imaging mode. For TEM investigations and STXM of the dry microcontainers, the particles were dried from an aqueous solution on commercial 30 nm or 100 nm thin Si 3 N 4 -membranes (Silson Ltd., United Kingdom). Liquid cells for in situ STXM in aqueous environment were prepared by dropping the solution containing the microcapsules on a rst Si 3 N 4 -membrane and covering it with a second membrane. Aer that the resulting water microbasin between the two membranes was hermetically sealed with varnish.
STXM experiments were performed at the PolLux beamline located at the Swiss Light Source (SLS). 37 The standard STXM setup uses high brilliance synchrotron radiation light that is focused on the sample by a Fresnel zone plate. The sample is raster-scanned with interferometric control through the focal spot, while the transmitted photon intensity is recorded using a photo multiplier tube. The maximum spatial resolution of the STXM is determined by the quality of the zone plate and can reach below 10 nm. 38 For the present study, a spatial resolution of 30 nm was used for a compromise between spatial resolution and larger depth of focus. With diameters of about 2.5 and 10 mm, respectively, these two particles represent the lower and upper limit of the size distribution of the investigated batch. Due to the quite similar density and very high overall absorption, it is not possible to distinguish between shell and IL. However, it is interesting to observe that the surface of the polymer shell is absolutely smooth. Even with a very high magnication of 140 000 (see inset in Fig. 1A ) it is not possible to observe signicant roughness or density gradients at the outer polymer shell. In conjunction with previous data on microtomed capsules showing that the [Hmim][TFSA] is encapsulated as one compact core in the centre of the microcontainer, 25 this conrms considerations about the formation process of the investigated particles. The hydrophobic IL stays in the organic phase of the original microsuspension. As the polymerisation goes on, cross-linked polymers are formed and phase separation occurs in the microdroplets. The cross-linked polymers are preferentially adsorbed at the inner surface of the microdroplets due to a decrease of the interfacial tension between the microdroplets and the surrounding water matrix. The distribution of the gradually adsorbed polymers at the inner interface is highly homogeneous. These processes results in the formation of a cross-linked polymer shell, the IL accumulates in the centre of the droplets and is encapsulated. 24, 25 A surprising observation, however, was the extremely high sensitivity of the microcontainers to the electron exposure. Most particles burst within less than one minute of TEM investigation at low magnications and beam focussing, while highresolution micrographs had to be recorded as fast as possible (few seconds). As shown in Fig. 1B , the residues spread over the Si 3 N 4 -membrane concentrically. Therefore we conclude that the burst of the particles has no preferred direction as one expects for a single propagating crack. It is more likely that the shell breaks over a large area on a short time scale. This nding cannot be explained by a sudden phase transition of the IL, since [Hmim][TFSA] cannot be evaporated at room temperature even in UHV 39 and it has an extremely high heat capacity. 40 It seems more likely that the stabilizing shell of the microcapsules is degrading upon electron exposure and cracks at several positions leading to a very rapid decomposition.
Results and discussion
A more detailed insight into the morphological changes of the polymer shell during exposure to ionizing radiation can be obtained with high resolution STXM. When irradiated with so X-rays, the microcapsules also exhibit degradation but on much longer timescales allowing in situ observation. This nding is congruent with the signicantly lower beam damage upon X-ray absorption compared to electron microscopy that has been studied in detail in literature. 41, 42 Fig. 2 shows the behaviour of an exemplary microcapsule during a series of eight micrographs recorded at a non-resonant energy of 537 eV with 15 ms dwell time per pixel. Resonant imaging would lead to absorption saturation and thus to negligible image contrast. In addition, resonant excitation is expected to promote the degradation process. 43 A careful analysis of photon energy dependence did not allow differentiating between IL and the polymer shell.
The presented micrographs are the rst (A), third (B) and sixth (C) image of the image series. The images are complemented by an overplot of the extracted radial proles of the microcapsules (Fig. 2D ) that give an impression of the change in width and height, since the latter exponentially depends on the transmitted intensity. It is clearly visible that the investigated microcapsule gets wider and thinner during the image series indicating that the particle deliquesces over the Si 3 N 4 -membrane. We may therefore conclude that the stabilizing polymer shell gets more permeable or even perforated upon enduring exposure and the highly viscous IL drains out slowly. Similar to the above described TEM investigations it is surprising that degradation of the microcapsules starts already at relatively low X-ray dose. It is known from literature that radiation damage in polymers containing ester groups is very oen correlated with a loss of carbonyl groups that arises from chain scission and abstraction of the ester groups. 44, 45 Since P(EGDM-BMA) has a high density of ester functional groups that are also important for the crosslinking within the polymer shell, we expect this degradation path to play a major role during our investigations.
The standard models of dose evaluation in transmission X-ray microscopy 46 are not easily adaptable for a material that changes its absorption volume (for each pixel) and the local ratio of polymer shell and IL during measurements. Since we do not expect signicant mass loss, the absorbed dose is mainly direct proportional to exposure time and should not exceed some 10 MGy per micrograph even for larger microcontainers (dose direct proportional to particle diameter). Despite these moderate doses most of the degradation process takes places during the initial three scans. This can be seen in particular from the radial proles ( Fig. 2D ) that show only minor changes in the particle diameter (and thickness) between scan 3 (B) and 6 (C). This behaviour was observed for several particles of different sizes with a non-linear tendency for larger particles to be more stable. Furthermore, the particles never spread completely. The residual IL-polymer mixture shows a partial dewetting behaviour on Si 3 N 4 . Fig. 3 presents results of STXM investigations of the IL encapsulating microcontainers in liquid cells. The X-ray energy was set to 520 eV to stay sufficiently below the absorption edge of water. 36 Due to the covering Si 3 N 4 -membrane, the surrounding water and a shorter exposure time of 10 ms per image pixel, the absorbed doses during each scan were signicantly reduced. Furthermore, the water matrix can absorb energy and attenuate beam damage caused by secondary processes. Fig. 3A and C are exemplary micrographs from a series of in total 14 scans of the identical particle. For the rst few images (Fig. 3A corresponds to the 5th image scan) no changes in the particle morphology occur. However, for consecutive scans, we observe the appearance of brighter areas which increase with dose ( Fig. 3C corresponds to the last scan). This decrease in the local optical density is equivalent to signicant mass loss, i.e., loss in shell material or, most probable, loss in IL. Fig. 3B shows the corresponding radial proles. The radial proles show the decrease in particle diameter accompanied by an increase of the optical density of the surrounding matrix. The occurrence of the bright areas strongly affects the regular U-shape of the radial proles and therefore, their evaluation is less meaningful for the degraded particles. In addition, changes in the background intensity outside the particle prevent a proper normalization to achieve absolute values for the prole height. Therefore Fig. 3D was added. It shows the dependence of the average optical density of the microcapsule (directly correlated with residual mass) with irradiation dose. For the initial ve images we observe constant values. However, starting with the sixth micrograph of the recorded imaging series the average optical density decreases continuously. TEM micrographs of ultra-thin cross-sections of the [Hmim][TFSA] microcontainers in epoxy resin prove the rigid and dense morphology of the cross-linked polymer shell. 25 Investigations on the mechanical properties of similar polymer microcontainers corroborate these results. 47 Furthermore, we do not expect a shrinking of the polymer shell due to the release of incorporated water, since P(EGDM-BMA) is highly hydrophobic.
Based on these considerations the experimental results lead to the conclusion that with ongoing irradiation an increasing number of holes perforate the polymer shell and water and IL are slowly exchanged. The increasing IL content of the water matrix leads to the decreasing transmitted intensity around the microcapsules (cf. Fig. 3B ). Since [Hmim] [TFSA] is hydrophobic, the extrusion is energetically unfavourable and very slow and the ingressing water forms discrete drops within the microcapsule that shine up as brighter regions within the particle at 520 eV. For very small microcapsules it was possible to decompose them almost completely aer more than ten scans.
A schematic representation of the shell degradation, liquid exchange and water inclusion formation as it is concluded from the presented data is shown in Fig. 4 . It represents a model of an intact microcontainer with homogeneous P(EGDM-BMA) shell and completely lled with [Hmim][TFSA] (Fig. 4A ) and the same container aer X-ray irradiationnow with perforated shell and water-IL exchange (Fig. 4B) . We assume the IL to be solvated within the water matrix with time, since we did not detect clusters or small droplets of IL aer shell decomposition. This assumption is corroborated by the enduring increase of the optical density of the liquid (water-IL) matrix (Fig. 3B) .
Although the degradation process was signicantly slower within the liquid cells, it was not possible to record reasonable X-ray absorption spectra before signicant decomposition. Therefore resonant irradiation for optimum contrast microscopy remains an open challenge so far.
Conclusions and outlook
In conclusion, we have demonstrated the potential of highresolution so X-ray microspectroscopy for a morphological and physico-chemical analysis of IL encapsulating polymer microcontainers. We showed the high sensitivity of this material to both, electron and X-ray irradiation due to shell degradation. The comparison of the TEM and STXM data for IL encapsulating microcontainers in the dry state shows the direct evidence for the higher energy deposition with high energy electrons, i.e., the faster, burst-like decomposition in TEM and the slow deliquescence in X-ray imaging. We propose the same degradation process in both cases, but the impinging energy density determines the deconstruction speed. In this regard it is important to mention that secondary electron induced processes play a major role in beam damage during X-ray absorption microscopy. 46, 48 The inspection of degradation of the investigated microcontainers in aqueous surroundings opens up a more detailed understanding of the X-ray induced decomposition. Although the present study is not capable to resolve the spatial extent of the polymer shell, STXM is well-suited to monitor the morphological modications. As can be observed from the image series in Fig. 3 , the structural integrity of the microcontainers is largely maintained as derived from the overall particle shape and the change in permeability of the stabilizing shell leads to a continuous exchange of IL with the surrounding water. Due to the high cross-linking of the shell polymer, this effect is ascribed to the radiation induced formation of holes within the shell.
However, the sensitivity of these materials to high-resolution probes in terms of sample degradation limits the full structural characterization. In particular, the exact determination of the shell thickness of intact particles in liquid surroundings would be required with respect to in situ studies and the monitoring of chemical reactions in IL microcontainers. 36 NEXAFS represents an advantageous spectroscopic tool that can be combined with high spatial resolution to differentiate between the polymer and the IL and lower doses might be applied for pure imaging without detailed chemical analysis in future studies with higher detection efficiency.
One approach to avoid the problem of rapid degradation could be made by the choice of a more stable shell polymer. However, it is not assured that the encapsulation process that depends on a complex coaction of the physical properties of shell material and IL in solution can easily be adapted to a suitable shell polymer. Since our investigations clearly indicate that the degradation of the microcapsules originates from structural damage of the polymer shell, we propose the use of a cryo stage to reduce the propagation of the X-ray induced degradation. The value of cryo stages was demonstrated successfully for several sample types prone to X-ray irradiation in full-eld transmission X-ray microscopy. 49, 50 In terms of future applications employing the investigated shell degradation behaviour, high energy irradiation could be used as trigger for a controlled release of the embedded IL on a reasonable time scale. This could extent the common scope of IL applications and give rise to completely new mechanisms to inuence and control step-by-step processes, such as catalytic reactions or separation processes.
